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ABSTRACT

In this article, a single-layered 3 dB/45° coupler (Design D) is proposed for fifth-generation (5G) beamforming
networks using cross-slotted patch topology, dumbbell-shaped slots, loaded stubs, notches and rectangular ground
slots. The proposed Design D coupler is capable of eliminating the need for additional 45° phase shifters in the
beamforming networks such as Butler matrix, which provides the main contribution in this work, especially in size
reduction and bandwidth enhancements. The fractional bandwidths of 28.90%, 39.14% and 35.91% for -10 dB of
|S11], -3 dB = 1 dB of |Sa1| and 5° phase imbalance of output phase difference are achieved by the proposed Design
D coupler. The bandwidth enhancements of -3 dB + 1 dB coupling coefficient, Ss; and 45° + 5° output phase
difference for the proposed Design D coupler are 22.52% and 23.14% compared to Design A coupler, respectively.
The bandwidth of 45° + 5° output phase difference is increased by 16.3% owing to the presence of rectangular
ground slots in Design D compared to Design C coupler. The patch size of the proposed Design D coupler is 0.22
Jg x 0.23 Aq. The electrical size of the proposed Design D coupler is reduced by 45.72% compared to Design A
coupler.
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1. INTRODUCTION

As a pioneer in fifth-generation (5G) wireless communication, the 6 GHz band is currently allocated in
many countries [1]-[2]. A good trade-off between equipment size, network coverage and ubiquitous
high-speed connectivity in all locations becomes a remarkable challenge for researchers and engineers
involved in the development of radio frequency (RF) and microwave components, antenna design and
network planning.

Passive microwave couplers are the main components found in beamforming networks such as Butler
matrix [3]-[7], Blass matrix [8]-[11] and Nolen matrix [12]-[13]. Branch-line couplers are extensively
utilized in beamforming networks to provide an equal 3 dB power split with a standard 90° output phase
difference within the desired frequency band [14]. Nevertheless, the traditional branch-line couplers
provide large size and narrow bandwidth. The restricted standard 90° output phase difference between
the output signals of the traditional branch-line coupler further restricts its applications. The reported
improvements in the branch-line coupler performance mainly focus on multiband [15]-[19], arbitrary
power division ratio [20]-[21], broadband [22]-[24], compact size [25] and integration with additional
phase shifter [26]-[27]. The traditional couplers can provide output phase differences of 0°, 90° and
180°, but the non-standard phase difference such as 30°, 45° or 150° could not be realized without
additional phase shifters. Nowadays, the non-standard phase characteristic coupler is being potentially
highly demanded in smart antenna systems, measurement tools and power amplifiers. The most
straightforward method to solve this problem is to propose additional phase shifters, but they contribute
major drawbacks, such as large circuit size and inevitable large insertion loss between main line and
reference line. The unequal insertion loss is further aggravated through the final stage of a feed network
causing intolerable magnitude fluctuations among other output ports. Although bandwidths of the phase
shifters in [28]-[30] are enhanced, these works are undesirable for low-cost applications due to high
fabrication complexities.

As a step towards 5G technology, there is extremely high demand for a wideband operation, compact in
size and low cost in modern microwave circuits. Therefore, the coupler structure which can provide any
non-standard output phase difference without any additional phase shifter circuit quickly draws

N. S. M. Suhaimi, A. N. Uwaechia and N. M. Mahyuddin are with School of Electrical and Electronic Engineering, Universiti Sains Malaysia,
Penang, Malaysia. Emails: nsyahira@student.usm.my, anthony uwaechia@usm.my and eemnmuzlifah@usm.my



171

"Bandwidth Enhancements and Size Reduction of 3 dB Patch Coupler with 45° Output Phase Difference for 5G Beamforming Networks",
N. S. M. Suhaimi, A. N. Uwaechia and N. M. Mahyuddin.

attention. Furthermore, an effective approach to achieve impedance matching and phase stabilization is
desired. The previous branch-line couplers have output phase difference of 90° and other output phase
differences could only be realized using additional phase shifters. This increased circuit size and cost as
well as degraded the overall performances owing to interconnecting mismatch losses.

Nowadays, Butler matrix is one of the most popular realizations of the beamforming network.
Nevertheless, the required output phase differences found in the Butler matrix are 45° and 135°, which
cannot be realized with the traditional power divider or branch-line coupler without using additional
phase shifters. In order to circumvent the arising issues, the proposed 3 dB patch coupler with 45° output
phase difference is capable of eliminating the need for additional 45° phase shifters, which provides the
main contribution in this work, especially in size reduction and bandwidth enhancements of S-parameter
responses and output phase difference.

In this work, a single-layered 3 dB patch coupler with 45° output phase difference is proposed without
using any phase shifter. The bandwidth performance of the desired phase difference for the proposed 3
dB/45° patch coupler can be controlled by selecting the suitable dimensional lengths and widths of the
dumbbell-shaped slots, whilst the bandwidth performances of the reflection and coupling coefficients
are controlled by the dimensional lengths and widths of the cross slots and loaded stubs. By comparing
the couplers in [31-33], the bandwidth performances of reflection and coupling coefficients are
controlled by impedances of transmission lines, whilst the output phase difference is controlled by the
electrical lengths of the transmission lines.

Conventionally, the traditional 4 x 4 Butler matrix comprises four traditional 3 dB/90° branch-line
couplers, two traditional 0 dB crossovers, two 0° phase shifters and two 45° phase shifters. Meanwhile,
the physical size of 4 x 4 Butler matrix can be reduced using two proposed 3 dB/90° patch couplers
(Design B) with a size reduction of 26.32% and two proposed 3 dB/45° patch couplers (Design D) with
a size reduction of 45.72% compared to their traditional designs. The Butler matrix can be realized
without using any phase shifters and crossovers as reported in [34], thereby making it remarkably of
low transmission loss, low insertion loss, less number of components and more compact compared to
the traditional Butler matrix. The patch topology is adopted from [35], where the inductive loading effect
of cross slots results in a significant size reduction. The parametric analyses are carried out on the
designed couplers to analyse the effects of cross slots’ and stubs’ length variations on the S-parameter
bandwidth performances. Moreover, the power division ratio and output phase difference performances
are investigated and analyzed. The 90° output phase difference is reduced to 45° by introducing the
dumbbell-shaped slots at the end of the cross slots as well as optimizing the lengths and widths of the
cross slots and rectangular stubs. Meanwhile, the chamfering corners are optimized to readjust the
impedance matching to 50 Q. Notches are placed along each length and width of the patch to ensure the
minimum resonant amplitudes of reflection coefficient, |S11|and isolation, |Ss| at the center frequency
of 6.5 GHz.

Slotlines in the ground plane introduce a slow wave structure, where the phase velocity of the
propagating wave is smaller than the velocity of light. This makes a slotted ground plane become
electrically longer. Since any additional phase shifter is not required in this work, this approach makes
the proposed design different from the work reported in [26-27] and provides the main contribution in
this work, especially in terms of bandwidth enhancements and size reduction.

The proposed 3 dB/45° patch coupler can operate at the center frequency of 6.5 GHz which is suitable
for unlicensed used in 5.9 GHz to 7.1 GHz band that meets 5G spectrum requirements as supported by
Federal Communications Commission (FCC) [2]. The proposed 3 dB/45° patch coupler is designed
using Computer Simulation Technology (CST) Microwave Studio software as well as fabricated onto
Rogers RO4003C board with substrate thickness, h of 0.813 mm and dielectric constant, & of 3.38.

2. DESIGN ANALYSIS

Theoretically, power entering port 1 of the traditional 3 dB branch-line coupler is equally split between
output ports, where the coupling factor is 3 dB with a 90° output phase difference. No power is coupled
to the isolated port with all ports matched. The physical layout of the traditional 3 dB branch-line coupler
with 90° output phase difference is depicted in Figure 1.
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Figure 1. Physical layout of traditional 3 dB branch-line structure with 90°
nominal electrical length [36].

A block diagram of the traditional 3 dB branch-line coupler with an additional 45° phase shifter and the
proposed 3 dB coupler without any additional phase shifter is illustrated in Figure 2 (a). The phase
difference of the traditional 45° phase shifter can be determined by using the following expression [37]:

Phase difference, A¢ = W (1)
g

where Lm, Lr and ig are the main length, reference length and guide wavelength, accordingly. The
calculated Ly, is 17.73 mm and has been optimized to obtain the desired 45° phase difference between
the output ports (port 2 and port 3). The traditional 3 dB/90° branch-line coupler is combined with the
traditional 45° phase shifter to develop 3 dB coupling value and 45° output phase difference. According
to Equation (1), the electrical length of the main line will affect the value of the output phase difference.
Figure 2 (b) shows that the 45° output phase difference for combination of the traditional 3 dB coupler
with 45° phase shifter is calculated as ((0,, + Ope)- (024-04r)), When an input signal is excited at port
1. Meanwhile, the 45° output phase difference of the proposed 3 dB coupler without phase shifter is
calculated as ((6,,)- (0,4)), when an input signal is excited at port 1.
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Figure 2. Traditional 3 dB coupler with 45° phase shifter and proposed equivalent: (a) Block diagram;
(b) Signal paths.

The physical layout of the traditional 3 dB branch-line coupler with 45° phase shifter (Design A) is
depicted in Figure 3. The parameters of Design A coupler are listed in Table 1. The objective of this
work is to construct a single-layered 3 dB patch coupler with 45° output phase difference without using
any phase shifter, which provides bandwidth enhancements and size reduction characteristics.

Port 2 Port 3

& L, ~~ 45° phase shifter
- S
Ly

Port 1 Port 4

Figure 3. Physical layout of traditional 3 dB branch-line coupler with 45° phase shifter (Design A).

Table 1. Parameters of Design A coupler.

Parameters Values (mm)
Lo 6.65
L 7.45
La 1.46
Ly 2.91




173

"Bandwidth Enhancements and Size Reduction of 3 dB Patch Coupler with 45° Output Phase Difference for 5G Beamforming Networks",
N. S. M. Suhaimi, A. N. Uwaechia and N. M. Mahyuddin.

Lc 7.3

Lg 14.59
Wio 1.02
Wix 34

The proposed 3 dB/45° patch coupler (Design C) is implemented by modifying the 3 dB/90° patch
coupler (Design B). The physical topology and photograph of Design B coupler under test are shown in
Figure 4 (a) and Figure 4 (b), respectively.

Port1

(b)
Figure 4. 3 dB/90° patch coupler with loaded stubs (Design B): (a) Physical topology; (b)
Photograph under test.

Initially, the 3 dB/90° patch coupler is implemented by constructing a pair of cross slots on the square
patch of the 3 dB/90° coupler (Design B). The cross slots are developed diagonally on the square patch
to perturb the original patch resonator. Four feeding ports are placed in the middle of the square patch
sides and matched to a characteristic impedance, Z, which corresponds to 50 Q. Each feeding port in
Design B coupler is bent and extended to adapt with 0.5 4, inter-element spacing of the patch antenna
array that can be integrated with Design B coupler to develop a switched-beam Butler matrix. The
dimensions of length, L: and width, W; for the microstrip feeding ports can be calculated by substituting
the dielectric method [31]. The calculated L: equals a quarter-wavelength, whilst the calculated W, is
1.88 mm. The dimensions of L; and W; are optimized to provide the optimum performance results. The
initial widths of the cross slots, W: and W are set to the available minimum fabrication limit of 0.2 mm.
The capacitance and mismatch loss are reduced by chamfering each corner of the patch coupler. The
initial lengths of the cross slots, L1 and L, can be calculated using the Pythagorean theorem formula.
Some parameters of the cross slots such as Li, Ly, Ly, W1 and W> are optimized to reroute the electric
currents around the cross slots. According to the physical limitation of the square patch dimension, Ly
and L, are set to be less than R = 9.98 mm. Since it is not easy to convert the patch resonator into an
analytical transmission line model, the physical layout is divided into four zones by the dash lines, as
depicted in Figure 5. Each zone with different colours can be approximately corresponded to its
equivalent transmission line model of the traditional branch-line coupler.

Zl;el Port 3
Port 2 Port3

[ for 2161
1 for z.6:
for 23,63
. — [ for z.63

21'01 Port 4

(a) (b)

Figure 5. Schematic relationship: (a) Traditional branch-line hybrid coupler; (b) Cross-slotted
patch coupler.

By applying the even-odd mode analyses [38]-[39], the transmission (T) and reflection coefficients (T)
are obtained for each half circuit and the overall vector amplitudes of the signals emerging from the
even-odd mode reflection and transmission coefficients could be determined as follows:

Te+To
S11 = > )
Te+To
S21= > ®)
Te-To

S31 = - (4)
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Te-To

S41 = > (5)

The relationships between even-odd mode transmission coefficient equal to minus the odd-mode
transmission coefficient are summarized in Equations (6)-(9). The phase difference between output ports

is denoted by .

S11= S41 =0 (6)
Sy1= Te (7)
S41= Te (8)

Sa1 _ Y(-CH) jy 9)
531 C

As 1 is defined between 0° and 90° to meet the arbitrary phase difference, the closed-form design
equations can be further simplified as:

24= 2o Y52 sin (10)

- C2
7= 7o Sin /% (11)
Zy = 7, (12)
0, = 90° (13)
0, =cos™? [-+/(1-C2) cos Y] (14)
0, = 180°-6, (15)

- C2

Z,=Zo sin Y /% (16)
Z3 = 7, (17)
0, = 90° (18)
0, = cos! [-+/(1- C?) cos Y] (19)
0, = 180°-8, (20)

¥ = 90° in both Design A and Design B couplers, whilst the calculated Z; =50 Q, Z, = Z3 = 35.36 Q
and 6:= 0, = 8; = 90°. Nevertheless, it is difficult to realize the equivalent closed-form transmission line
theory owing to the complicated field distribution on the cross-slot patch, as discussed in [40]. However,
this can be achieved by adjusting the length and width of the inductive slots. Theoretically, the series
inductance of the microstrip line is reduced, while the shunt capacitance is increased after converting
the layout from the microstrip line into the patch structure. The cross slots’ lengths, such as L1 and Lo,
are optimized to make the minimum frequencies of |S11| and |S41| be similar at 6.5 GHz.

Next, rectangular stubs are introduced at each feeding port to improve the bandwidth of S-parameter
responses. The lengths of cross slots and stubs vary inversely with the frequency of propagation
according to Equation (21) [31]. The square patch occupies an area of 0.2 A, X 0.2 A,. The final
dimensions of Design B coupler are listed in Table 2. Design B coupler achieves a size reduction of
26.32% compared to the traditional 3 dB branch-line coupler.

Frequency = Propagation velocity / wavelength =v/(A(e_r)) 21

Table 2. Final dimensions of Design B coupler.

Parameters | Values (mm) | Parameters | Values (mm)
Lt 9.39 L 4.53
L, 9.85 Wi 1.84
L2 5.92 Wi 0.80
Lc 6.65 W, 0.60
Lq 4.00 Wi 0.30
La 5.00

After that, the design topology of Design B coupler in Figure 4 (a) has been modified to implement the
proposed 3 dB patch coupler with 45° output phase difference without using 45° phase shifter (Design
C). The design modification is realized by reducing the output phase difference from 90° to 45°. ¢ is



175

"Bandwidth Enhancements and Size Reduction of 3 dB Patch Coupler with 45° Output Phase Difference for 5G Beamforming Networks",
N. S. M. Suhaimi, A. N. Uwaechia and N. M. Mahyuddin.

set to 45°, whilst the calculated Z; = 35.36 Q, Z, = Z3=27.36 Q, 81 =90°, 6, = 120° and 63 = 60° using
Equations (10)-(20). The design modification steps for the proposed 3 dB/45° patch coupler are realized

as follows:

Dumbbell-shaped slots are introduced at the end of the cross slots, whilst lengths and widths
of the patch, cross slots and rectangular stubs are optimized to reduce the output phase
difference from 90° to 45°. The desired phase difference is controlled by selecting the
suitable length and width of the dumbbell-shaped slots.

The microstrip line is readjusted back to 50 Q by optimizing the dimensions of chamfering
corners while maintaining the performance of -10 dB reflection coefficient, |Si1|.

Notches are placed along each length and width of the patch coupler by adopting the inset
feeding technique to electrically tune the resonant amplitudes of reflection coefficient, |S11]
and isolation, |S41| at the center frequency of 6.5 GHz as well as to improve the -3 dB + 1
dB transmission coefficient, |Sz1|.

Rectangular slots are loaded at the ground plane (Design D) to improve the bandwidths of
45° + 5° phase imbalance, -3 dB + 1 dB transmission coefficient, |Sx;| and -3 dB = 1 dB
coupling coefficient, |Saa).

The physical topologies of 3 dB/45° patch coupler without rectangular ground slot (Design C) and 3
dB/45° patch coupler with rectangular ground slots (Design D) are illustrated in Figure 6 (a) and Figure
6 (b), respectively. The photograph of the proposed Design D coupler with the rectangular ground slots
under test is depicted in Figure 7. The final dimensions of Design C and Design D couplers are listed in
Table 3. The proposed Design D coupler occupies an area of 0.22 1o x 0.23 4o, Which contributes to a
size reduction of 45.72% compared to Design A coupler.

This proposed work is recommended for the beamforming network such as Butler matrix without using
any additional phase shifter, which contributes to overall size reduction. The miniaturization factor (MF)
for the proposed 3 dB/45° patch coupler with rectangular ground slots (Design D) can be calculated
using the following equation:

MF (%) - Atraditional'Aproposed x 100 (22)

Atraditional

Port 2
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P
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Figure 6. Physical layout of 3 dB patch couplers with 45° output phase difference: (a)
Without rectangular ground slots (Design C); (b) With rectangular ground slots (proposed Design D).

- Port 2 ! E
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Q) (b)
Figure 7. Photograph of fabricated Design D coupler with rectangular ground slots (proposed): (a)
Top view; (b) Bottom view.
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Table 3. Final dimensions of Design C and Design D couplers.

Parameters Design C coupler Design D coupler (proposed)
Values (mm) Values (mm)
Lo 7.50
Lp 10.12
L1 5.31
L2 4.14
Ln 1.65
Lr2 1.78
Lrs 1.64
Lstubt 2.02
Lstub2 0.41
Ln1 2.36
Ln2 2.06
Ln3 1.48
Lna 1.51
Lstot - | 3.98
W, 1.84
Wp 10.50
Wr 1.22
W2 1.20
Wi3 0.73
Wia 0.51
Wap 0.50
Waa 0.59
Wap 0.48
Wstub1 0.41
Wstub2 0.88
Wh1 0.29
Wha 0.42
Whg 0.20
Wha 0.20
Witot - | 0.38

3. RESULTS AND DISCUSSION

As observed in Figure 8, the -10 dB fractional bandwidths of the return loss, |S11| and isolation, |S4:| for
the integration of 3 dB branch-line coupler and 45° phase shifter (Design A) are 14.15% and 34.3% in
simulation, whilst 10.77% and 23.07% in measurement, respectively. Meanwhile, the -3 dB £ 1 dB
bandwidths of the respective transmission coefficient, |S21| and coupling, |Sa1| are 25.08% and 16.62%
in simulation, whereas 23.07% and 16% in measurement. The 5° phase fluctuation bandwidths of the
simulated and measured output phase differences are 12.77% and 13.23%, respectively. At the center
frequency of 6.5 GHz, the simulated |S11| for Design A coupler is -13.59 dB, whereas the simulated |Sa1|
is -15.3 dB. Both measured |S11| and |S41| are -18.23 dB and -14.38 dB, respectively. Meanwhile, the
simulated |Sz| is -3.31 dB, whereas the measured |Szi| is -3.07 dB. Both simulated and measured |Ss;|
are -3.71 dB and -3.93 dB, individually. The output phase difference is 45.45° in simulation, whereas
47.45° in measurement.
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Figure 8. Integration of conventional 3 dB/90° branch-line coupler and 45° phase shifter (Design
A): (a) Simulation results; (b) Measurement results.
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Figure 9 shows the parametric analyses of variation cross slot’s length, L, before loading the stubs and
stub’s length, Ls; after loading the stubs in Design B coupler. Figure 9 (a) shows that the values of the
minimum peak for the matching response of |Si1| are decreased and the operating frequency is shifted to
the right by decreasing Li. Although Ls: equals 3 mm, as shown in Figure 9 (b), provides the highest
bandwidth of the 90° + 5° differential output phase, Ls: equals 5 mm is chosen in Design C, because it
provides the highest fractional bandwidths of the simulated |S1a|, [S21/, |Ss2| and [Sa1] compared to the other
lengths of L, as stated in Table 4.

511/ (dB)
Simulated S, | (dB)

5.0 8.5 6.0 6.5 7.0 5.0 5.5 6.0 6.5 7.0 7.5 8.0
Frequency (GHz)

(a)

JR——— e P

Simulated phase

Smulated |S,| (dB)
difference, S,,- Sy, (°)
®
©

50 5.6 6.0 6.5 7.0 7.5 8.0
Frequency (GHz) Frequency (GHz)

(© (d)

Figure 9. Parametric analyses of Design B coupler: (a) Simulated |S14| for the variation of cross
slot’s length, Li1; (b) Simulated |S11| for the variation of stub’s length, Lsi; (c) Simulated |Ssi| for the
variation of stub’s length, Lsi; (d) Simulated phase difference, |Sz1| - |Sa1| for the variation of stub’s

length, Ls:.
Table 4. Summarization of the proposed 3 dB/90° cross-slotted patch coupler with loaded rectangular
stubs (Design C) performances based on the variations of stubs’ lengths.

Variations of Bandwidth performance
stub’s lengths, Phase difference
Le (mm) [S11| <-10 dB |S21l =-3+1dB [Ss1j=-3+1dB |Sa1] <-10 dB —90° + 5°
3 24.15 18.77 35.85 38.92 39.54
4 27.23 18.15 36.15 39.69 38.92
5 28.00 19.85 36.46 40.92 37.84
6 27.84 18.77 36.00 40.76 35.08
7 28.00 19.08 36.15 39.38 33.85

The simulation and measurement results of S-parameters and output phase difference for the 3 dB/90°
patch coupler with loaded stubs (Design B) are depicted in Figure 10. The -10 dB fractional bandwidths
of the return loss, |S11| and isolation, |Ss| for Design B coupler are 28% and 40.92% in simulation, whilst
30% and 36% in measurement, respectively. Meanwhile, the -3 dB + 1 dB bandwidths of the respective
transmission coefficient, |Sz1| and coupling, |Ss1| are 19.85% and 36.46% in simulation, whereas 18.46%
and 34.77% in measurement. The 5° phase fluctuation bandwidths of the simulated and measured output
phase differences are 37.84% and 38.62%, respectively. At 6.5 GHz, the simulated |S11| is -17.43 dB,
whereas the simulated |Sai| is -18.37 dB. Both measured |S11| and |S4| are -16.41 dB and -16.68 dB,
respectively. Meanwhile, the simulated |S2i| is -3.17 dB, whereas the measured |Sz1| is -3.32 dB. Both
simulated and measured |Ss1| are -3.84 dB and -3.54 dB, individually. The output phase difference at 6.5
GHz is 90.82° in simulation, whereas 89.83° in measurement.

Figure 11 shows the simulation results of S-parameters and output phase difference for the 3 dB/45°
patch coupler by applying step 1 to step 2 (Design C). The -10 dB fractional bandwidths of the simulated
|S12| and |Sas| for Design C coupler are 19.23% and 49.23%, respectively. The 1 dB amplitude fluctuation
bandwidth for the simulated |Sx| is 10.31%, whilst 35.07% for the simulated |Ssi1|. As observed, the
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output phase difference of Design C coupler is capable to reduce from 90° to 45°. However, the
bandwidth of |Sz| is less than 18.5%. The bandwidth of 5° phase imbalance for the simulated output
phase difference is 36.15%. At 6.5 GHz, the simulated |S11| is -18.76 dB, whereas the simulated |Sai| is
-19.73 dB. The simulated |Sz1| is -3.87 dB, whereas the simulated |Sz| is -2.85 dB. Meanwhile, the
simulated output phase difference at 6.5 GHz is 48.37° with a phase deviation of 1.63°.
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Figure 10. Simulation and measurement results of Figure 11. Simulation and measurement results of
S-parameters and output phase difference for the S-parameters and output phase difference for the
3dB/90° patch coupler with loaded stubs 3dB/45° patch coupler by applying step 1 to
(Design B). step 2 (Design C).

Figure 12 shows the simulation results of S-parameters and output phase difference for the 3 dB/45°
patch coupler by applying step 1 to step 3 (Design C). The -10 dB fractional bandwidths of the simulated
|S11] and |S41| for Design C coupler are 26.02% and 47.07%, respectively. The 1 dB amplitude fluctuation
bandwidth for the simulated |Sz| is 23.69%, whilst 33.90% for the simulated |Ssi1|. As observed, the
output phase difference of Design C coupler is capable to reduce from 90° to 45° without interfering
with the performance of -3 dB coupling coefficient, maintaining the patch size by doing this
modification. The bandwidth of 5° phase imbalance for the simulated output phase difference is 19.61%.
At 6.5 GHz, the simulated |S11] is -32.37 dB, whereas the simulated |S41| is -28.86 dB. The simulated |Sx|
is -3.17 dB, whereas the simulated |Ss1] is -3.29 dB. Meanwhile, the simulated output phase difference
at 6.5 GHz is 49.43° with a phase deviation of 4.43°. As observed, the presence of notches increases the
-10 dB fractional bandwidth of the simulated |S11| and 1 dB amplitude fluctuation bandwidth for the
simulated |S21). Moreover, the resonant amplitudes of reflection coefficient, |Si1| and isolation, |S4| are
electrically tuned at the center frequency of 6.5 GHz.

o 55
____________________________________ S 50 e iy Ty A,
G m e & il 4 = e :
4 o S e 40 — i . 40
e b ~ | T s e R ~—i kS
—-— - e o %0
8 - F 35 ——p.
—— ~ - il 5 fEmsmnm=" < -—-:E%_
:g - ~\\\ e i — a6 = @0 s TSesacd b b e 25
b ko
14 ] \\\ S Pz g

S-Parameters (dB
)
]
i
I
1
I
/
/
!
1
//
4
\\ §
\
\
\ N
\
\
n
o

-20 . N, \\\ Vs F 20

22 N\ Y4
24 “\ / 15
po
26 ] == N L . -
-28 4 5 Ports N/
-30 4 L "‘ I’ Without rectangular -4s5
Porta L s
-32 i v ground slots S

T T T T T T T
5.0 55 6.0 6.5 7.0 7.5 8.0

S-Parameters (dB)
7’
\
N\
\
Phase difference (%)

®

/

N
Phase difference (°)

>
i B
8
Y
B

Frequency (GHz) = |——e——————e

_________ Simulated S — —— — —— Simulated Sg41
Y - Simulated Spq —+—:—:—-—-- Simulated phase AL
Simulated S31 difference (S21 - S31)

Figure 12. Simulation and measurement results of ~ Figure 13. Simulation and measurement results of

S-parameters and output phase difference for the S-parameters and output phase difference for the
3dB/45° patch coupler by applying step 1 to proposed 3 dB/45° patch coupler by applying
step 3 (Design C). stepl to step 4 (Design D).

In order to improve the bandwidth performances of S-parameters and output phase difference from
Design C coupler (without rectangular ground slots), rectangular ground slots are introduced in Design
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D coupler. As observed, Figure 13 illustrates that the -10 dB fractional bandwidths of |Si11| and |Sai| for
Design D coupler are 28.90% and 42.31% in simulation, whilst 37.08% and 46% in measurement. The
respective -3 dB + 1 dB bandwidths of |Sz1| and |Ss1| are 24.62% and 39.14% in simulation, whereas 42%
and 37.08% in measurement. The output phase difference is 45° + 5° between 4.9 GHz and 7.23 GHz
which corresponds to 35.91% in simulation, whereas between 4.9 GHz and 7.18 GHz which corresponds
to  35.08% in measurement. At 65 GHz, the  simulated [S11 is
-31.89 dB, whereas the simulated |S41| is -38.55 dB. Both measured |S11| and |S41| are -35 dB and -20.99
dB, respectively. The simulated [Sz| is -3.17 dB, whereas the measured |Szi| is -3.21 dB. Meanwhile,
|Ss1] is -3.28 dB in simulation, whereas -3.71 dB in measurement.

The simulated output phase difference at 6.5 GHz is 45° without phase deviation, whereas the measured
output phase difference is 46.62° with a phase deviation of + 1.62°. The tolerances of measurement
results are caused by the junction discontinuities as well as inaccuracy of measurement instrument and
fabrication. The bandwidth enhancements of -3 dB £ 1 dB coupling coefficient, |Ss1| and 45° + 5° output
phase difference for Design D coupler are 22.52% and 23.14% compared to Design A coupler,
respectively. Meanwhile, the bandwidth of the output phase difference in Design D coupler is improved
by 16.3% owing to the presence of rectangular ground slots compared to Design C coupler.

4. COMPARATIVE STUDY

A performance comparisons of the 3 dB/45° patch coupler with rectangular ground slots (Design D)
with other related works is summarized in Table 5.

Table 5. Performance comparison among the couplers (Design A, Design B, Design C and Design D)
and other related works.

. . . Design D
Design A Design B Design C (proposed) [31] [32] [33]
-10dB ban(ti/\;V)ldth of [Sui 14.15 28 26.02 28.90 21.40 22 10
1 dB amplitude
imbalance bandwidth of 16.62 36.46 33.90 39.14 24.50 42 30
[Sau] (%)
5° phase imbalance
bandwidth (%) 12.77 37.84 19.61 35.91 39.60 32 31
Electrical size (1gx 4g) | 0.76x0.72 | 0.20x0.20 | 0.22x0.23 | 0.22x0.23 | 0.32x0.32 | 0.31x0.14 | 0.32x0.32

5. CONCLUSIONS

In this paper, a single-layered 3 dB/45° patch coupler with rectangular ground slots (Design D) is
proposed. The inductive loading effect of cross slots in the proposed Design D coupler results in a
significant size reduction of 45.72% compared to Design A coupler. The fractional bandwidths for -10
dB of |S11), -3 dB = 1 dB of |S31| and 5° phase imbalance of output phase difference in Design D coupler
are 28.90%, 39.14% and 35.91%, respectively. Moreover, the proposed Design D coupler provides
bandwidth enhancements of 22.52% and 23.14% for -3 dB + 1 dB coupling coefficient, |Sz1| and 45° +
5° output phase difference compared to Design A coupler, respectively. The bandwidth of 45° + 5°
output phase difference in Design D coupler is increased by 16.3% owing to the presence of rectangular
ground slots compared to Design C coupler. Therefore, the proposed 3 dB/45° patch coupler with
rectangular ground slots (Design D) will be the attractive candidate in the future 5G beamforming
networks such as Butler matrix without using additional phase shifters, which contributes to an overall
size reduction while retaining reliable performance.
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